The net distribution of eukaryotic transcription factors between the cytoplasm and the nucleus provides an eective mechanism for controlling gene expression. We have utilized cis-acting signals for both nuclear import and nuclear export to experimentally manipulate the distribution of the v-Rel oncoprotein between the nucleus and the cytoplasm. The respective abilities of the v-Rel oncoprotein to localize to the nucleus in chicken embryo ®broblasts, to activate kB-dependent transcription in yeast, and to transform avian lymphoid cells were each markedly reduced by the fusion of a cis-acting nuclear export signal onto v-Rel. Our results demonstrate that a threshold nuclear function of v-Rel is required for manifestation of its oncogenic properties. In contrast, while increased expression of the avian IkB-a protein was able to prevent nuclear localization of v-Rel in chicken embryo ®broblasts, coexpression of IkB-a with v-Rel in the target cell for v-Rel mediated transformation did not reduce the ability of v-Rel to transform avian lymphoid cells or alter the distribution of v-Rel between the nucleus and the cytoplasm in v-Rel-transformed cells. Our results suggest that the ability of IkB-a to inhibit nuclear localization of v-Rel is aected by cell-type speci®c dierences between ®broblasts and lymphoid cells.
Introduction
The NF-kB/Rel transcription factor family provides a striking example of how the nuclear function of transcription factors can be controlled by sequestration in the cytoplasm (reviewed in Baeuerle and Henkel, 1994; Gilmore et al., 1996) . Typically, a dimeric NF-kB/Rel complex is retained in the cytoplasm by association with the inhibitory IkB-a protein through masking of the NF-kB/Rel-derived nuclear localization signal (NLS) by the ankyrin repeat domain of IkB-a (Beg et al., 1992; Ganchi et al., 1992; Zabel et al., 1993; Ernst et al., 1995; Rottjakob et al., 1996) . Proteolytic removal of IkB-a enables nuclear import of the active transcription factor and subsequent activation of numerous target genes (Beg et al., 1993; Henkel et al., 1993; Mellitis et al., 1993; Miyamoto et al., 1994; Alkalay et al., 1995; Brockman et al., 1995; Brown et al., 1995; Chen et al., 1995; DiDonato et al., 1995; Traeckner et al., 1995; Baldi et al., 1996; Chen et al., 1996; Rodriguez et al., 1996; Ro et al., 1996) . Subsequent transcriptional induction of the IkB-a gene by the activated NF-kB/Rel transcription factor leads to a marked increase in newly synthesized IkB-a protein (Brown et al., 1993; Le Bail et al., 1993; Rice and Ernst, 1993; Sun et al., 1993; Ito et al., 1994; Tzen et al., 1994; Hrdlickova et al., 1995b; Schatzle et al., 1995) . The appearance of newly synthesized IkB-a in the nucleus correlates with a rapid reduction in kB-dependent transcriptional activation, consistent with evidence that IkB-a is able to mediate the export of NF-kB/Rel proteins from the nucleus to the cytoplasm (Arenzana-Seisdedos et al., 1995; Rottjakob et al., 1996; Sachdev and Hannink, manuscript in preparation) . The ability of IkB-a to both inhibit nuclear import of NF-kB/Rel proteins and to export NF-kB/Rel proteins from the nucleus provides an eective mechanism for ensuring that transcriptional activation of gene expression by NFkB/Rel proteins occurs in a regulated and transient manner.
The importance of regulated and transient activation of gene expression by NF-kB/Rel proteins is highlighted by the involvement of mutant NF-kB/Rel proteins in oncogenesis (reviewed in Gilmore et al., 1996) . For example, chromosomal rearrangements involving the NFkB2 gene have been implicated in human lymphoid malignancies. These chromosomal rearrangements result in the expression of mutant NFKB2-related proteins that display increased nuclear localization and transcriptional activation properties (Chang et al., 1995) . Likewise, oncogenic transformation of avian lymphoid cells by the v-Rel oncoprotein, a mutant form of c-Rel transduced by the avian retrovirus Rev-T, has been suggested to require one or more nuclear functions of v-Rel (reviewed in Gilmore et al., 1996) .
Extensive analysis of mutant v-Rel proteins has provided the principal evidence in support of a model in which a nuclear function of v-Rel is required for oncogenesis. In general, mutations in v-Rel that adversely aect either the DNA-binding or the transactivation functions of v-Rel also reduce or abolish the oncogenic properties of v-Rel (Gelinas and Temin, 1988; Ballard et al., 1990; Mosialos et al., 1991; Richardson and Gilmore, 1991; Morrison et al., 1992; Walker et al., 1992; Sarkar and Gilmore, 1993; Smardova et al., 1995; White et al., 1996) . However, the interpretation of such experimental data is compli-cated by the possibility that these mutations may also alter other functions of v-Rel such as association with IkB-a (Morrison et al., 1992; Rottjakob et al., 1996) . The possibility that one or more non-nuclear functions of v-Rel may participate in v-Rel-mediated oncogenesis is suggested by the predominant cytoplasmic localization of v-Rel in v-Rel-transformed cells (Gilmore and Temin, 1986; Simek et al., 1986; Davis et al., 1990) . Furthermore, the ability of v-Rel to transform avian lymphocytes is apparently independent of the distribution of v-Rel between the nucleus or the cytoplasm, as neither deletion of the Rel-derived NLS nor the addition of the strong NLS from SV40 T antigen alter the ability of v-Rel to transform avian lymphocytes (Gilmore and Temin, 1986; White et al., 1996; Rottjakob et al., 1996) . Thus, although the current model for v-Rel-mediated oncogenesis postulates an essential nuclear function for v-Rel, unequivocal evidence for an essential nuclear function has not been obtained.
Recent evidence has demonstrated that the net distribution of proteins between the nucleus and the cytoplasm can be controlled by competing import and export pathways (Wen et al., 1995; Michael et al., 1995) . We have therefore examined how nuclear localization, transcriptional activation and oncogenesis by v-Rel is altered by the addition of a cis-acting nuclear export sequence (NES). Our results demonstrate that a functional cis-acting NES is sucient to abolish nuclear localization, transcriptional activation and oncogenic transformation by v-Rel. Furthermore, small dierences in the level of nuclear v-Rel protein have signi®cant consequences for the proliferation of vRel-transformed avian lymphocytes. Our results are fully consistent with a model in which a threshold nuclear function of v-Rel is required for v-Relmediated oncogenesis.
However, it is not clear how this threshold level of vRel is established and maintained in v-Rel-transformed cells, as the majority of the v-Rel protein is complexed with the avian IkB-a protein, p40, or with other NF-kB/ Rel proteins that contain inhibitory ankyrin repeats (Simek and Rice, 1988; Davis et al., 1990 Davis et al., , 1991 Capobianco et al., 1992) . Furthermore, although v-Rel is typically nuclear in Rev-T-infected CEF, coinfection of CEF with a retroviral vector encoding p40 results in the cytoplasmic retention of v-Rel (Hrdlickova et al., 1995b; Rottjakob et al., 1996) . We therefore asked if increased expression of p40 in v-Rel-transformed cells would reduce the level of nuclear v-Rel below the threshold required for v-Rel-mediated oncogenesis. Surprisingly, increased expression of p40 in avian lymphocytes does not reduce the level of nuclear v-Rel in v-Rel-transformed avian lymphocytes. Our results suggest that cell-type speci®c mechanisms can regulate the ability of p40 to retain v-Rel in the cytoplasm.
Results

A threshold level of nuclear v-Rel is required for transformation of avian lymphoid cells
To determine if the presence of a cis-acting nuclear export sequence (NES) would alter the distribution of v-Rel between the nucleus and the cytoplasm, v-Rel or v-Rel-DNLS proteins were constructed that contained insertions of an NES motif derived from the inhibitor of protein kinase A (PKI NES) (Figure 1 ). The v-Rel-DNLS protein contains a deletion of six amino acids within the Rel-derived NLS (Figure 1 ) White et al. (1996) . The PKI-derived NES motif was inserted following amino acid 481 of v-Rel, as we have previously shown that removal of the C-terminal 22 amino acids of v-Rel has no eect on the ability of vRel to localize to the nucleus in chicken embryo ®broblasts (CEF) or to transform avian lymphoid cells . Expression of the wild-type and mutant Rel proteins in CEF was con®rmed by immunoblot analysis, and the presence of the PKI-NES-derived amino acids had no eect on the ability of the v-Rel or v-Rel-DNLS proteins to bind DNA containing a palindromic kB motif (data not shown). The presence of the wild-type PKI NES motif was sucient to relocalize either v-Rel or v-Rel-DNLS from the nucleus to the cytoplasm in CEF (Figure 2 ).
The PKI NES motif contains a cluster of hydrophobic residues that are critically required for its nuclear export function (Wen et al., 1995) . To con®rm that the ability of the PKI NES motif to relocalize Rel proteins from the nucleus to the cytoplasm is due to the nuclear export function of the PKI NES, a series of v-Rel or v-Rel-DNLS fusion proteins with mutant NES motifs containing two leucine-to-alanine substitutions were constructed. Mutant NES motifs containing two leucine-to-alanine substitutions did not relocalize either v-Rel or v-Rel-DNLS from the nucleus to the cytoplasm (Figure 2 ). Thus, both v-Rel and v-Rel-DNLS can be relocalized to the cytoplasm in CEF by the nuclear export function of a cis-acting NES. To quantitate the exent to which cis-acting nuclear import and nuclear export signals determine the distribution of v-Rel between the nucleus and cytoplasm, the ability of v-Rel proteins to activate kB-dependent gene expression in yeast was determined. Yeast were transformed with expression plasmids for the respective v-Rel proteins and a plasmid containing a kB-dependent b-galactosidase reporter gene, and bgalactosidase activity in lysates from the transformed yeast was measured (Table 1) . Expression of either vRel or v-Rel-DNLS resulted in a substantial increase in b-galactosidase activity. Fusion of the wild-type NES motif onto either v-Rel or v-Rel-DNLS signi®cantly reduced the ability of the respective v-Rel proteins to activate b-galactosidase expression. In contrast, the presence of a mutant NES motif containing two leucine-to-alanine substitutions in either v-Rel or vRel-DNLS restored the ability of the respective v-Rel proteins to activate b-galactosidase expression.
To further de®ne how the balance between nuclear import and nuclear export processes contribute to the distribution of v-Rel between the nucleus and the cytoplasm, nuclear localization and transcriptional activation by v-Rel-NES fusion proteins containing single leucine-to-alanine substitutions within the NES motif was determined (Figures 1 and 2 ; Table 1 ). The ability of v-Rel-DNLS to localize to the nucleus in CEF or to activate b-galactosidase expression in yeast was abolished by the presence of mutant NES motifs containing single leucine-to-alanine substitutions. However, the ability of v-Rel to localize to the nucleus in CEF or to activate b-galactosidase expression in yeast was only partially compromised by the presence of mutant NES motifs containing single leucine-to-alanine substitutions. Thus, the distribution of the v-Rel protein between the nucleus and cytoplasm can be experimentally manipulated by the presence and relative strengths of cis-acting signals for both nuclear import and nuclear export.
The reduced ability of v-Rel proteins containing a wild-type NES motif to activate transcription could result from reduced nuclear levels of the v-Rel-NES protein. The decreased nuclear localization of v-Rel containing a wild-type NES motif is consistent with this explanation. However, as transcriptional activation of v-Rel is mediated by protein:protein interactions with other transcription factors, it is conceivable that the insertion of 15 amino acids derived from PKI might also adversely aect the ability of v-Rel proteins to interact with other transcription factors. In this case, reduced transcriptional activation by v-Rel-NES or vRel-DNLS-NES would not result from altered localiza- 
26 ( Although the ability of leucine-to-alanine substitutions within the NES-derived amino acids to restore transcriptional activation by either v-Rel or v-Rel-DNLS would argue in favor of the notion that the NESderived amino acids did not adversely alter the protein:protein interactions of v-Rel, it is possible that the leucine-to-alanine substitutions within the NES-derived sequences also restored the necessary protein:protein interactions required for transcriptional activation by v-Rel. The basal transcription factor TATA-binding protein (TBP) has been shown to interact with c-Rel (Kerr et al., 1993; Xu et al., 1993) and with v-Rel (Xu et al., 1993) . We therefore determined if the presence of a wild-type NES disrupted the ability of v-Rel-DNLS to associate with TBP. A GST-TBP fusion protein bound to glutathioneagarose beads was incubated with CEF lysates containing either the v-Rel-DNLS protein or v-Rel-DNLS fusion proteins containing wild-type or mutant PKI-derived NES motifs. Proteins that bound to the GST-TBP-containing beads were subjected to immunoblot analysis with anti-Rel sera. As shown in Figure 3 , fusion of 15 amino acids containing either a wild-type or a mutant NES motif did not aect the ability of the v-Rel-DNLS protein to associate with GST-TBP (Figure 3 , compare lanes 2, 5 and 8).
The ability of v-Rel proteins containing either wildtype or mutant NES motifs to associate with the avian IkB-a protein, p40, was also determined. CEF were cotransfected with retroviral expression vectors that expressed either v-Rel protein or p40. Proteins that immunoprecipitated with anti-p40 sera were subjected to immunoblot analysis using a monoclonal antibody directed against v-Rel. As shown in Figure 4 , both vRel and v-Rel-DNLS proteins were present in anti-p40 immunoprecipitates. Furthermore, the presence of either the wild-type or mutant NES motifs did not alter the ability of either v-Rel protein to associate with p40. Taken together, the GST-TBP and p40 association experiments are consistent with the suggestion that the presence of 15 amino acids encoding either the wild-type or mutant NES motif do not adversely alter protein:protein interactions involving v-Rel or v-Rel-DNLS. Thus, the inability of v-Rel fusion proteins containing a wild-type NES motif to activate transcription is most likely due to NES-dependent decrease in the level of nuclear v-Rel.
To determine if an NES-dependent decrease in the level of nuclear v-Rel altered the ability of v-Rel or v- Rel-DNLS to transform avian lymphocytes, virus stocks encoding the respective v-Rel proteins were generated by transfection in CEF and used to infect primary avian lymphocytes. The infected lymphocytes were assayed for their ability to form colonies in soft agar (Table 1) . No colonies were observed with mock-infected lymphocytes. Transformed colonies were readily obtained from lymphocytes infected with viruses encoding either v-Rel or v-Rel-DNLS. However, no transformed colonies were obtained with viruses encoding either v-Rel or v-Rel-DNLS fusion proteins containing the wild-type NES motif. In contrast, transformed colonies were readily obtained with viruses encoding v-Rel or v-Rel-DNLS fusion proteins with the mutant NES motif containing two leucine-to-alanine substitutions. The ability of a cisacting NES to abolish v-Rel-mediated transformation suggests that a threshold level of nuclear v-Rel is required for oncogenesis. To further de®ne the threshold level of v-Rel that is required for oncogenesis, the ability of viruses encoding v-Rel and v-Rel-DNLS fusion proteins with NES motifs containing single leucine-to-alanine substitutions to transform primary avian lymphocytes was determined ( Table 1 ). The ability of v-Rel-DNLS to transform avian lymphocytes was abolished by the presence of mutant NES motifs containing single leucine-to-alanine substitutions. In contrast, the ability of v-Rel to transform avian lymphocytes was reduced, but not abolished, by the presence of mutant NES motifs containing single leucine-to-alanine substitutions. Furthermore, although transformed colonies were obtained following infection of primary avian lymphoid cells with virus encoding the v-Rel-NES-L41A protein, these colonies typically did not continue to proliferate following transfer to liquid culture. In contrast, cell lines could readily be established from cells transformed by the v-Rel-NES-L44A protein.
The reduction in v-Rel-mediated transformation by the presence of mutant NES motifs containing single leucine-to-alanine substitutions closely correlates with the eect of these mutant NES motifs on v-Rel-mediated transcriptional activation in yeast. Threshold level of nuclear v-Rel S Sachdev et al able to inhibit both nuclear localization and DNAbinding by c-Rel, the cellular homolog of v-Rel (Sachdev et al., 1995) . Furthermore, coexpression in CEF of v-Rel and p40 from separate retroviral expression vectors encoding the respective proteins results in the relocalization of v-Rel from the nucleus to the cytoplasm (Hrdlickova et al., 1995b; Rottjakob et al., 1996) . We therefore asked if increased expression of p40 in the target cell for v-Rel-mediated transformation would inhibit v-Rel-mediated oncogenesis.
To obtain ecient coexpression of v-Rel and p40 in cells infected with a single virus, we utilized a retroviral expression vector containing an internal ribosome entry site (IRES) (Figure 5 ). Two versions of the p40 open reading frame were inserted into this vector. One version contained a p40 cDNA that was modi®ed to enable translation into the p40 open reading frame immediately following the IRES-derived ATG codon (pMH121). A second version (pTM92) contained the entire p40 cDNA, including 90 nucleotides derived from the 5' non-translated end of the p40 cDNA, inserted immediately after the IRES-derived ATG codon. Consequently, pTM92 encodes a mutant p40 protein (N30-p40) that contains 30 N-terminal amino acids encoded by the 5' non-translated region of the p40 cDNA.
The ability of these dual expression vectors to provide for ecient expression of both v-Rel and p40 in CEF was determined. Expression of both v-Rel and p40 proteins was con®rmed in CEF transfected with either pMH121 or pTM92 (data not shown). However, v-Rel remained predominantly nuclear in CEF transfected with pMH121 ( Figure 5 ). The inability of the p40 protein encoded by pMH121 to relocalize vRel from the nucleus to the cytoplasm is in contrast to the previous observation that p40 is able to relocalize v-Rel to the cytoplasm following cotransfection of CEF with vectors that express each protein individually (Hrdlickova et al., 1995b; Rottjakob et al., 1996) . This apparent discrepancy is likely due to inecient translation of the p40 cDNA when placed 3' of an IRES, as the level of p40 expression obtained when the p40 open reading frame is placed 3' of the IRES is reduced to approximately 30% as compared to the level of p40 expression obtained when the p40 open reading frame is located near the 5' end of the mRNA transcript (data not shown). However, v-Rel was eciently relocalized to the cytoplasm in CEF transfected with pTM92 ( Figure 5 ), suggesting that the presence of additional N-terminal amino acids confers a gain-of-function phenotype to the N30-p40 protein with respect to inhibition of nuclear localization of v-Rel.
To determine if increased expression of p40 was sucient to inhibit v-Rel-mediated oncogenesis, virus stocks of the dual expression vectors were generated by transfection into CEF and used to infect primary avian lymphocytes. Transformed avian lymphoid cells were readily obtained following infection with either of the dual expression vectors (Figure 5 ), suggesting that overexpression of either wild-type p40 or the gain-offunction N30-p40 protein has no eect on the ability of v-Rel to transform primary avian lymphocytes. Likewise, coexpression of v-Rel-DNLS with either wild-type p40 or N30-p40 did not decrease the ability of v-Rel-DNLS to transform primary avian lymphocytes (data not shown). Increased expression of the p40 proteins in transformed cells was con®rmed by immunoblot analysis of cell lysates ( Figure 6 and data not shown).
To determine if increased expression of p40 in v-Reltransformed cells altered the distribution of v-Rel between the nucleus and the cytoplasm, nuclear and cytoplasmic fractions of v-Rel-transformed avian lymphoid cells were prepared and subjected to immunoblot analysis. Expression of the N30-p40 protein in v-Rel-transformed cells did not alter the distribution of v-Rel between the nucleus and the cytoplasm (Figure 6 , upper panels: compare lanes 1 and 2 with lanes 3 and 4). Furthermore, the intracellular distribution of v-Rel, as assessed by indirect immuno¯uorescence, was not grossly altered by expression of the N30-p40 protein in v-Reltransformed cells (Figure 6 , lower panels). In contrast, fusion of a cis-acting NES containing a single leucine-to-alanine substitution onto v-Rel did reduce the nuclear level of the v-Rel-NES-L44A protein relative to the nuclear level of the wild-type v-Rel protein ( Figure 6 , upper panels: compare lanes 1 and 2 with lanes 5 and 6).
Discussion
The ability of cis-acting peptide motifs that specify directional transport of proteins across the nuclear membrane enables the distribution of a protein between the nucleus and the cytoplasm to be experimentally manipulated (Micheal et al., 1995; Wen et al., 1995) . Our results demonstrate that fusion of the wild-type PKI-derived NES onto v-Rel results in the relocalization of the v-Rel protein from the nucleus to the cytoplasm in CEF. Fusion of the wild-type PKIderived NES onto v-Rel also resulted in a marked reduction of kB-dependent transcriptional activation of a reporter gene in yeast. Two leucine-to-alanine substitutions previously shown to abolish the export function of the PKI-derived NES (Wen et al., 1995) restored nuclear localization of the v-Rel-NES protein in CEF and kB-dependent transcriptional activation in yeast. The pesence of a wild-type NES, but not a mutant NES containing two leucine-to-alanine substitutions, also abolished the ability of v-Rel to transform avian lymphocytes. A v-Rel protein containing a six amino acid deletion within the Rel-derived NLS, v-Rel-DNLS, was similarly aected by the presence of a wild-type NES but not by mutant NESs containing one or two leucine-to-alanine substitutions.
One explanation for these results is that the presence of the wild-type NES disrupted an interaction between vRel and an as yet unidenti®ed eector molecule necessary for transformation. However, this explanation would require that this putative interaction between v-Rel and its eector molecule be restored by leucine-to-alanine substitutions within the NES. Furthermore, in the case of the v-Rel-DNLS protein, nuclear localization and transformation were also inhibited by the insertion of a wild-type NES, but not a mutant NES, between amino acids 331 and 332 (data not shown). That the inhibitory action of a cisacting NES towards nuclear localization and transformation were sequence-speci®c but location-independent strongly argues against the hypothesis that fusion of the NES onto v-Rel disrupted an essential interaction between v-Rel and a putative eector molecule. Rather, our results, taken together with extensive mutational analysis of v-Rel (reviewed in Gilmore et al., 1996) , provide strong evidence that a nuclear function of vRel is required for oncogenic transformation. The v-Rel protein contains a functional NLS that is located at the C-terminus of the Rel Homology Domain and which, like other well-characterized NLS motifs, contains a cluster of basic amino acids. However, deletion of six amino acids within the vRel-derived NLS does not markedly alter the ability of v-Rel to localize to the nucleus in CEF, to transactivate gene expression in yeast or to transform avian lymphocytes. An additional nuclear localization sequence within the C-terminal 200 amino acids of vRel has been identi®ed (Gilmore and Temin, 1986 ) that is presumably responsible for these nuclear functions of the v-Rel-DNLS protein. As the nuclear functions of the v-Rel-DNLS protein, but not v-Rel, were also abolished by mutant NESs containing single leucine-toalanine substitutions, our results demonstrate that the net distribution of v-Rel between the nucleus and the cytoplasm can be experimentally manipulated by the presence and the relative strengths of cis-acting signals for nuclear import and export. In this regard, it is of interest to note that c-Rel apparently does not contain a second NLS, as transcriptional activation by c-Rel in yeast is strictly dependent upon the c-Rel-derived NLS within the Rel Homology Domain (SS and MH, unpublished results). The second NLS in v-Rel is likely to be an important contributory factor towards the striking dierences in the respective oncogenic properties of c-Rel and v-Rel (Hrdlickova et al., 1994) .
That a threshold expression level of the v-Rel protein is essential for transformation of avian lymphocytes has been suggested by previous experiments in which abundance of the spliced viral mRNA encoding v-Rel correlated with the ability of Rev-Tderived viruses to transform avian lymphocytes (Miller and Temin, 1986; Miller et al., 1988) . Our results suggest that this requirement for a threshold expression level of v-Rel re¯ects a threshold requirement for one or more nuclear functions of v-Rel. Furthermore, our results suggest that a small increase in the nuclear concentration of v-Rel can have a signi®cant eect on the ability of v-Rel to transform avian lymphocytes. In particular, an NES containing the L41A substitution was more eective than an NES containing the L44A substitution towards reducing transcriptional activation by v-Rel-NES fusion proteins in yeast. Viruses encoding the v-Rel-NES-L41A protein were less ecient than viruses encoding the v-Rel-NES-L44A protein for transformation of avian lymphoid cells. Furthermore, cells transformed by the v-Rel-NES-L41A protein were dicult to propagate for extended periods of time in liquid culture, while cells transformed by the v-Rel-NES-L44A protein grew nearly as well as did cells transformed by the wild-type v-Rel protein. These results are qualitatively consistent with those of Wen et al. (1995) in which the L44A substitution was sucient to abolish the nuclear export function of the PKI NES, although our results suggest that the L44A substitution does not completely abolish the nuclear export function of the PKI NES. In addition, while Wen et al. found that the L41A substitution did not alter the nuclear export function of the PKI NES, our results suggest that the PKI NES containing the L41A substitution is still partially functional for nuclear export. These quantitative dierences between our results and those of Wen et al. are likely due to the nature of the assays, as Wen et al. measured the ability of a protein covalently linked to multiple NES peptides to be exported from the nucleus over a time period of 60 min, while our assays measure the steady state distribution of a protein containing a single NES sequence. Our results suggest that a relatively small dierence in the steady state abundance of nuclear v-Rel, as measured by the extent to which the v-Rel-NES-L41A and the v-Rel-NES-L44A proteins were able to transactivate gene expression in yeast, can have a signi®cant impact on the proliferative capacity of v-Rel-transformed cells.
The distribution of Rel proteins between the nucleus and the cytoplasm is controlled, in large part, through the ability of the IkB-a protein to both inhibit nuclear import of Rel proteins and to mediate the export of the Rel:IkB-a complex from the nucleus (reviewed in Bauerle and Henkel, 1994; Gilmore et al., 1996) . The ability of IkB-a to control the distribution of Rel proteins between the nucleus and the cytoplasm suggests that increased expression of IkB-a might decrease the level of nuclear v-Rel below the threshold required for oncogenesis. Since transformation of avian lymphoid cells by v-Rel has only been achieved following infection of primary cells with retroviral vectors (Mosialos et al., 1991) , we developed a retroviral vector containing an internal ribosome entry site that enabled expression of both v-Rel and the avian IkB-a protein, p40, in v-Rel-transformed cells. The increased level of expression of the wild-type p40 protein that was achieved using this dual expression vector was not sucient to relocalize v-Rel from the nucleus to the cytoplasm in CEF. In contrast, a mutant p40 protein, containing 30 N-terminal amino acids encoded by the 5' non-translated region of the p40 cDNA, displayed a gain-of-function phenoptype with respect to cytoplasmic retention of v-Rel. The molecular basis for this gain-of-function phenotype of the N30-p40 protein is not clear, as the wild-type and N30-p40 proteins were expressed at equivalent levels, as assessed by immunoprecipitation and pulse-chase analyses (data not shown). Furthermore, consistent with our previous results , neither the wild-type nor the N30-p40 proteins were able to fully inhibit DNA-binding by v-Rel (data not shown), suggesting that the anity of N30-p40 for v-Rel was not increased relative to the wild-type p40 protein. One possibility, which we favor, is that the additional Nterminal amino acids enable the N30-p40 protein to eciently mask the NLS of v-Rel.
Coexpression of the N30-p40 protein with v-Rel following transfection of pTM92 into CEF resulted in ecient cytoplasmic retention of v-Rel. Importantly, coexpression of the N30-p40 protein in the context of pTM92 was as ecient as a wild-type cis-acting NES for relocalization of v-Rel from the nucleus to the cytoplasm in CEF. Nevertheless, while the presence of a wild-type cis-acting PKI-derived NES was sucient to completely disrupt the ability of v-Rel to transform avian lymphoid cells, coexpression of either the wildtype p40 protein or the N30-p40 protein did not reduce the transforming property of v-Rel. Furthermore, expression of the N30-p40 protein in v-Rel-transformed cells did not alter the distribution of v-Rel between the nucleus and the cytoplasm in v-Reltransformed cells. In contrast, fusion of a partially disabled cis-acting NES onto v-Rel (v-Rel-NES-L44A) reduced the nuclear abundance of the v-Rel fusion protein as compared to that of the wild-type v-Rel protein in avian lymphoid cells transformed by the respective proteins. Taken together, these results support the hypothesis that the inability of the wildtype or N30-p40 proteins to inhibit transformation by v-Rel is due to the inability of the transacting p40 proteins to reduce the nuclear abundance of v-Rel below the threshold level required for transformation. Our results suggest that one or more cell-type speci®c dierences between CEF and avian lymphocytes are responsible for the inability of p40 to retain v-Rel in the cytoplasm in v-Rel-transformed cells. Several celltype speci®c dierences between CEF and v-Reltransformed lymphocytes, including expression levels of the endogenous p40 proteins or post-translational modi®cations of the exogenously expressed p40 proteins, can be envisioned. The N-terminus of both the mammalian and avian IkB-a proteins is subject to several types of signal-dependent post-translational modi®cations (Alkalay et al., 1995; Brockman et al., 1995; Brown et al., 1995; Chen et al., 1995; DiDonato et al., 1995; Traeckner et al., 1995; Baldi et al., 1996; Chen et al., 1996; Imbert et al., 1996; Rodriguez et al., 1996; Ro et al., 1996; White and Gilmore, 1996) .
Preliminary results suggest that coexpression of an Nterminal truncated p40 protein is not sucient to inhibit v-Rel-mediated transformation (SS and MH, unpublished data). Thus, the inability of p40 to inhibit nuclear localization of v-Rel in v-Rel-transformed cells may re¯ect a novel mechanism for regulation of the inhibitory properties of p40. A detailed analysis of mutant v-Rel and p40 proteins, coupled with the use of cell-permeable protease inhibitors, will likely provide additional insight into cellular mechanisms that are responsible for the inability of p40 to inhibit nuclear localization of v-Rel in v-Rel-transformed cells.
Materials and methods
Construction of recombinant DNA molecules
A unique HpaI restriction site was introduced into both the v-Rel and v-Rel-DNLS genes using standard techniques (Sambrook et al., 1989) . The consequent alteration of amino acids methionine 481 and threonine 482 to valine and asparagine, respectively, had no measurable eect on the biochemical or biological properties of the v-Rel or vRel-DNLS proteins (data not shown). Oligonucleotides encoding the wild-type and mutant PKI-derived NES motifs were inserted into the HpaI site. The nucleotide sequence across the junction of the Rel open reading frame and the inserted oligonucleotides was con®rmed by sequence analysis. The NES-encoding oligonucleotides were also inserted into a v-Rel gene containing the NLS derived from SV40 T antigen (TagNLS) (Gilmore and Temin, 1988) . However, the v-Rel-TagNLS-NES protein was not stably expressed in CEF (data not shown). The various Rel genes were expressed in CEF using a retroviral vector derived from pJD214 (Dougherty and Temin, 1986) . For expression of the Rel proteins in yeast, XbaI fragments containing the Rel genes were inserted into pBC102 in the correct orientation for expression from the adh1 promoter .
The dual expression vectors containing an IRES were constructed from a Rev-T-derived plasmid, pVV, and an IRES-containing plasmid (Sylla and Temin, 1986; Ghattas et al., 1991) . Insertion of an IRES into the pJD214-derived expression vectors markedly reduced the titer of virus obtained by cotransfection of vector virus with a replication-competent DNA clone of SNV, pSW253 (Watanabe and Temin, 1983 , data not shown). In contrast, the presence of an IRES had no aect on viral titers produced by Rev-T-derived vectors following cotransfection with pSW253 into CEF (data not shown). Details of the vector constructions are available upon request.
Analysis of Rel proteins expressed in chicken cells
CEF were cotransfected with retroviral expression vectors encoding the various Rel or p40 proteins and pSW253 as previously described (Sachdev et al., 1995) . The cellular localization of v-Rel was determined by indirect immunouorescence using a polyclonal antibody raised against the v-Rel protein as previously described (Gilmore and Temin, 1986) . CEF extracts for analysis of DNA-binding, for GST-pulldown assays and for coimmunoprecipitation assays were collected in ELB buer (50 mM HEPES [pH 7.9], 250 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, 1 mM DTT) as previously described (Sachdev et al., 1995) . DNA-binding and immunoprecipitation analyses were performed as previously described (Sachdev et al., 1995) . The GST-pulldown assays were performed essentially as described (Xu et al., 1993) . Brie¯y, ethidium bromide was added to a ®nal concentration of 400 mg/ml to 200 ml of cell lysates and the samples were precleared by incubation with glutathione-agarose for 1 h on ice followed by centrifugation at 10 000g for 1 min to remove the glutathione-agarose. The supernatants were transferred to new tubes and glutathione-agarose containing either bound GST or GST-TBP (1 mg of each protein) was added. The samples were incubated on ice for 2 h, washed in ELB buer containing 1% bovine serum albumin and 0.5% nonfat dry milk. The washed glutathione-agarose pellets were subsequently analysed by SDS ± PAGE and immunoblot analysis with anti-Rel sera.
The virus-containing media was collected from the transfected CEF 4 to 5 days post-transfection and used to infect chicken spleen cells. Equivalent levels of Rel proteins in the transfected CEF was con®rmed by immunoblot analysis of CEF lysates. The infected spleen cells were propagated in RPMI-1640 containing 20% fetal calf serum (FCS) for 2 days at 408C to allow maximal viral spread prior to plating the infected cells in media containing 0.35% agar. The infected cells were incubated at 408C, and colony formation in soft agar was assessed at 10 to 14 days post-infection. Transformed colonies were picked into liquid culture and the ability of the transformed cells to proliferate in liquid culture was determined. Typically, the transformed colonies were picked into 100 ml RPMI-1640 containing 20% FCS and incubated at 408C. Additional volumes of fresh RPMI-1640 containing 20% FCS equivalent were added after 2 days and 4 days. After 6 days, the cultures were added to an equivalent volume of RPMI-1640 containing 10% FCS and shifted to 378C, and fresh media added at 2 day intervals. Individual cell lines were judged to have been established if rapid cell proliferation continued after attaining a culture volume of 10 ml (approximately 1610 7 cells). Fractionation of v-Rel-transformed cells was performed as described (Hrdlickova et al., 1995a) . Exponentially growing v-Rel-transformed cells were washed with phosphate-buered saline and resuspended in 200 ml of cold solution A (10 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, containing 1 mM PMSF and 0.1 mM DTT). The cells were incubated in buer A on ice for 10 min prior to the addition of 12 ml of 10% Triton-X100. After mixing the lysis solution well, the samples were centrifuged for 1 min at 3000 g and 180 ml of supernatant was taken as the cytosolic fraction. The cytosolic fractions were mixed with 120 ml of buer B (25 mM HEPES [pH 7.9], 200 mM KCl, 2.5 mM EDTA, 2.5 mM EGTA, 37.5% glycerol) and incubated at 48C for 15 min. The nuclei were washed twice with 1 ml of buer A and resuspended in 100 ml of buer C (20 mM HEPES [pH 7.9], 400 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 0.1 mM DTT) and incubated for 10 min at 48C with constant agitation. The nuclear and cytoplasmic fractions were centrifuged at 15 000 g for 10 min, and the supernatant of both fractions stored at 7808C. Equivalent amounts of protein from each fraction were analysed by SDS ± PAGE and subsequent immunoblot analysis.
Analysis of Rel-dependent transcriptional activation in yeast
The EGY40 strain of yeast (a, his3, trp1, ura3-52, leu2) (Morin et al., 1995) was cotransformed with pBC102-derived plasmids encoding the various Rel proteins and a plasmid containing three kB-binding sites located 5' of the b-galactosidase gene . Lysates were collected from exponential phase liquid cultures and assayed for levels of b-galactosidase activity using a chemiluminescent assay (Tropix) as previously described (Rottjakob et al., 1996) . The levels of b-galactosidase activity were normalized to the total protein present in each lysate.
